Superconducting Quantum Interference Filters (SQIF) are promising devices for RadioFrequency (RF) detection combining low noise, high sensitivity, large dynamic range and wide-band capabilities. Impressive progress have been made recently in the field, with SQIF based antennas and amplifiers showing interesting properties in the GHz range using the well-established Nb/AlOx technology. The possibility to extend these results to High Temperature Superconductors (HTS) is still open, and different techniques to fabricate HTS SQIFs are competing to make RF devices.
INTRODUCTION
To develop the next generation of analog RF front end devices in wireless communications and radars, ultra wide bandwidth, compactness, high linearity, high sensitivity, and large dynamic range are essentials parameters. Those characteristics are particularly difficult to satisfy simultaneously in conventional antennas. Indeed, such devices use a resonance to amplify the voltage induced at the antenna terminals by the incident electromagnetic wave.
The resonance is usually obtained either by a specific geometrical configuration and/or by the development of a complex tuning network leading in both cases to a strong reduction of the operation bandwidth. One way to overcome the limitations of classical antennas is the use of frequency independent sensitive devices such as Superconducting QUantum Interference Devices (SQUID), a superconducting loop interrupted by two Josephson Junctions (JJ) [1] .
They are highly sensitive to an applied magnetic flux over a very large bandwidth, from DC to tens of GHz depending on the technology used for the fabrication of the JJ. Moreover, since the magnetic field of the wave is detected, and not the electric one as in conventional RF detector, SQUIDs can have sub-wavelength sizes, and therefore be very compact, keeping high sensitivity.
However the use of a single SQUID to perform efficient RF detection is limited by the low voltage swing across the interferometer, leading to a reduced range of linearity and rather low transfer factor ∂V /∂B (V is the voltage and B the applied magnetic field). The latter can be enhanced either by a larger SQUID loop area or by the adjunction of a surrounding flux transformer or flux concentrator, at the expense of the dynamic range. Moreover, because of the periodic response of the SQUID to the magnetic flux, a feed-back loop is mandatory to operate the device around a fixed functioning point and avoid flux jumps, which severely limits the bandwidth of the system as well [1] .
In order to overcome those limitations, series arrays of N SQUIDs have been proposed as RF amplifiers [2] [3] [4] [5] . Both the transfer factor and the voltage swing increase as a function of N while the output voltage noise increases as √ N , which is favorable. For a large number of SQUIDs, it becomes possible to avoid the use of a feedback electronic. In arrays of identical SQUIDs the periodicity of the magnetic voltage response remains present. Arrays known as Superconducting Quantum Interference Filters (SQIFs) were proposed in this context, to perform an absolute measure of the magnetic field [6] .
Since the pioneer work of Oppenlander et al [7, 8] [14] , and proposed advanced SQIFs architectures for microwave applications in general [15] . Wide-band microwave LNA with a power gain of 20 dB from 8 to 11 GHz [16] , antennas in the near field [17] at 9 GHz and active electrically antennas [18] are being developed.
These devices work at liquid helium temperature. This limits their applications, and High Tc Superconductors (HTS) appear as good candidates to make RF devices with SQIFs.
On the one hand the operating temperature being higher, the cryogenics is simpler and cheaper. On the other hand their superconducting gap is an order of magnitude larger than the one of Low Tc (LTS) materials, and so is the cut-off frequency of devices. Schultze et al successfully made the first HTS SQIF [11] that can be operated using commercial miniature cryocoolers [19] . In a first series of experiments, the JJ used in HTS SQIFs were fabricated using the so called Grain Boundary Junctions (GBJ) technology. Kornev et al [14] and Kalabukhov et al [20] reported on a SQIF amplifier working at 100 MHz, while Shadrin et al [21] estimated a 20 dB power gain at 1-2 GHz. Caputo et al showed quadratic mixing using SQIFs up to 20 GHz [22, 23] . For practical reasons, it is difficult to make SQIFs with more than a few hundreds loops with the GBJ technology.
Step-edge technology to 4 fabricate HTS JJ is a most scalable process. Mitchell et al succeeded in producing high I c R n product JJ (I c is the critical current and R n is the resistance) with this technology [24] . The I c R n product sets the maximum operating frequency of the device through the Josephson relation f J = I c R n /Φ 0 . They recently operated a 20 000 JJ SQIF with a transfer factor ∂V DC /∂B ∼ 1500 V /T up to 30 MHz [25] .
An alternative technology to make HTS SQUIDs arrays with a large number of JJ is the irradiation technology [26, 27] , developed both for DC and high frequency operation [28] [29] [30] .
Large arrays have been produced [4, 31, 32] with up to 36 000 JJ. We recently showed that a 4000 JJ SQIF can have a transfer factor ∂V DC /∂B ∼ 1000 V /T [33, 34] which is very encouraging. We present here the behaviour of such arrays at frequencies up to 200 MHz.
EXPERIMENTAL RESULTS
We designed and fabricated HTS SQIFs for DC and RF measurements using the ion irradiation technique. Detail of the fabrication are described in previous papers [27, [33] [34] [35] [36] and summarised here. We start with a commercial 1 150 nm thick c-axis oriented is 2 µm in the vicinity of the JJs. To insure simultaneous DC and AC measurements, the sample is mounted on a Printed-Circuit Board (PCB) with Coplanar Wave Guides (CPW)
lines for input and output RF signals, and DC pads. Short wire bonding between the sample and the PCB are then made, and the whole system is placed in a cryogen-free cryostat with no specific magnetic shielding. The external magnetic field is produced by Helmoltz coils mounted close to the sample. The RF signal is isolated from the DC part by a surface mounted bias-tee, pre-amplified at low temperature (100 K), and measured with a spectrum analyser.
We first focused on DC characteristics of the SQIF. As previously published, the Josephson regime in such device is observed below a coupling temperature T J ∼ 73 K [34] . A SQIF behaviour is observed under current bias larger than the critical current I c : the voltage V DC across the device presents a pronounced minimum around zero magnetic field [33, 34] as expected, and compare favourably with previous reports for HTS devices [19, 25] .
We then measured the RF response of the sensor by superimposing a RF magnetic field and a slowly swept DC magnetic field B. A continuous wave (CW) input RF signal of frequency f 0 at a power level P RF is applied through the superconducting planar loop. The DC (V DC ) and the RF (V RF ) voltages are recorded simultaneously after amplification. In this study, the frequency f 0 ranges from 100 kHz to 200 MHz, and the input RF power P RF from -85 dBm to -10 dBm. can make a first order Taylor expansion of the output signal, and V RF ∝ ∂∆V DC /∂B.
As expected in a linear regime, the RF signal appears as the derivative of the DC one ∂∆V DC /∂B which has been numerically calculated and shown in Figure 3 (red curve). The RF output signal increases with P RF while keeping the same pattern as a function of the DC magnetic field B, in a wide range of input power, as shown in Figure 4 for P RF in the range -85 dBm to -50 dBm. To characterise the linearity of the SQIF response, we focused on the output power P RF out ∝ V [14, 20] .
Since the ∆V DC vs B curve is essentially non-linear, it generates harmonics when the SQIF is submitted to an AC radiation. This is indeed observed as shown in Figure 7 . It is important to evaluate its contribution to the output signal. An input signal at f 0 = 30.02 MHz is sent and detected at twice the frequency 2 × f 0 = 60.04 MHz (blue line), and compared with ∂ 2 ∆V DC /∂B 2 (red line). The agreement between the two is good.This behaviour is observed in the whole frequency range studied here. The frequency doubling is observed on a wide range of input power below typically P RF ∼ −35 dBm (see Figure   8 ). Beyond this threshold, departure from quadratic operation emerges, and the RF output voltage V RF does not reflect the input one. It is worth noticing that at the operating point,
i.e. when the transfer factor V B =| ∂ V /∂B | max is maximum, the second harmonic signal is always minimum in all conditions.
We studied in more detail the development of the non-linearity. Figure 9 (a) shows V RF out as a function of the applied DC magnetic field B at temperature T = 67.2 K and bias current I = 70 µA, for an AC frequency f 0 = 101 kHz and power P RF ranging from -60 to -10 dBm. At low power, typically for P RF ≤ −35 dBm, a linear regime is observed : the pattern of the curve is kept constant as P RF is increased, and its amplitude grows with the RF power. This can be seen by following the maximum of the curve V RF max for instance.
Beyond −35 dBm the curve departs from the original pattern, V RF max starts saturating and then decreases as P RF is increased and eventually, all structures disappear when reaching -10 dBm : this is the non-linear regime. The two regimes are observed in the second harmonic signal as well. In Figure 9 (b), the RF signal is plotted vs B for an excitation signal at f 0 = 101 kHz detected at 2 × f 0 = 202 kHz at different RF powers P RF . The linear regime is seen below −35 dBm. The transition from linear to non-linear regime is observed for all the frequencies studied here, and the threshold is found to be around P RF =30-35 dBm.
MODELLING
We performed numerical simulations in order to describe in more detail the behaviour of the SQIF, in particular the transition from linear to non linear regime. As an example, we show here the calculations made in the case of an RF signal at frequency f 0 = 101 kHz (as in the data shown above), but they can be extended to all frequencies that we used. The idea is simply to add the RF and DC magnetic fields seen by the SQIF. As stated above the total field will be B tot = B + b RF sin (2πf 0 t), where B is the DC magnetic field and b RF the amplitude of the RF field. We can estimate it by calculating the magnetic field produced by the RF line on the closest SQUIDs of the array :
where r is roughly 20 µm (see Figure 1 ) and I RF is the RF current. For a circuit with an impedance matched to Z = 50 Ω, the RF power is P RF = ZI 
where w i are fitting coefficients
2
Upon RF irradiation, we expect the total voltage across the SQIF to be V tot = G(B tot ).
The amplitude of the Fourier components of V tot at f 0 and 2 × f 0 give the RF output amplitude V RF and the second harmonic.
The result of the calculation is shown in Figure 10 , and compared to the measurements ( Figure 9 ). The main features are reproduced, such as the linear behaviour at low power and the non monotonic behaviour of V RF max . To make a quantitative comparison, we introduced a single gain parameter as followed : for the lowest RF power, namely −60 dBm, we made the maxima V RF max coincide numerically. We then calculated the whole set of curves presented in Figure 10 (a). The agreement with the measured data for different RF powers is very
good. This simple model shows that the non linearity originates in the amplitude of the magnetic RF field becoming comparable to the DC one for P RF ∼ −35 dBm. Under the same assumptions, we computed the second harmonic signal, and plotted it in Figure 10 (b). The agreement with the data of Figure 9 is also striking.
In Figure 11 , we plotted V RF max (solid squares) and the amplitude at null DC magnetic field V RF min (solid circles), as a function P RF for the first (a) and the second (b) harmonic signals. In blue are the data and in red the computed values. The agreement between the calculation and the data is good for V RF max , but rather poor for V RF min : the latter increases significantly with P RF in the data, while staying almost zero in the calculation. If we focus on the second harmonic signal depicted in Figure 11 (b), we observe that the agreement is good both for the maximum and the minimum of the signal. Put together, this means that a significant direct inductive coupling occurs between the input RF line and the detection line, by-passing the SQIF itself. It is linear, and therefore not seen in the second harmonic signal.
We tested this hypothesis and introduced a direct coupling. The total RF voltage is now therefore : V tot = G(B tot )+C ·b RF sin (2πf 0 t), where C is the coupling constant that we set by The result is shown in Figure 11 (c) and (d), for the first and second harmonic signals, respectively. The agreement between data and computation is much better, confirming our hypothesis.
CONCLUSION
We measured the static and radio-frequency magnetic response of a HTS SQIF with 1000 SQUIDs in series, fabricated by the ion irradiation technique. A transfer factor of ∂∆V DC /∂B ∼ 450 V T −1 was achieved in DC, with a maximum swing voltage of ∼ 2.5 mV .
Coupled to a RF loop, the device presents an AC response up to 150 MHz in the experimental set-up that we used. Second-harmonic generation has been shown to be minimum at the functioning point in the whole range of frequencies. At low RF power, over five decades below In a second step, JJ will be formed by low dose irradiation at the place shown by red lines. 
